finger motif. In addition, a number of poorly character-
Here we report the high-resolution structure of the and 75-109) connected by a linker at the tip of CC that comprises two residues (69 and 70) in an extended con-E. coli DksA protein. In combination with the structure of the RNAP-ppGpp complex that we have recently deformation and an ␣-helical turn (␣ turn, residues 71 and 75). CC residues 34 and 47 and 98 and 109 form an termined (Artsimovitch et al., 2004) , it offers an opportunity to evaluate a model in which DksA and ppGpp act extensive hydrophobic core with the G domain that probably determines the CC orientation. The third strucsynergistically to regulate transcription. In this work, we demonstrate that DksA augments ppGpp regulatory tural element, a C-terminal ␣ helix (CT helix, residues 135-151), is loosely bound to the rest of the protein. signal through binding to RNAP. Finally, we propose and experimentally test a structure-based mechanism DksA also contains a canonical C4 Zn finger motif in which two Cys residues (114 and 117) are located in the of DksA action upon the RNAP-ppGpp complex.
G domain loop, whereas two others (135 and 138) are at the very N terminus of the CT helix. Though the Zn 2ϩ -
Results and Discussion
mediated interactions with the G domain likely restrict the mobility of the CT helix, it retains a certain degree DksA Structure of freedom, as revealed by its somewhat distinct orientaThe crystal structure of E. coli DksA protein (Figure 2A) tions among the independent DksA molecules in the has been determined by multiple anomalous dispersion crystal. (MAD) technique and refined at 2.0 Å resolution to a final R factor of 22.8% (R free ϭ 26.8%) ( Table 1) . Except for six N-terminal residues, which appeared disordered DksA Is Structurally Similar to Transcription Factor GreA in the crystal, all other residues (7-151) were easily built into the experimental electron density (ED) map. Ten
The overall structure of DksA resembles that of the bacterial transcription factor GreA (Stebbins et al., 1995); DksA molecules in the asymmetric unit of the crystal are arranged as two types of dimers (see Supplemental both proteins are comprised of globular and CC domains (Figures 2A and 2B ). Moreover, their CC domains superData on the Cell web site, "DksA Dimers," and Supplemental Figure S2 ). Although two DksA molecules are pose well (RMSD ϭ 1.9 Å over 51 C ␣ atoms) ( Figure 2C ). This structural similarity is remarkable, considering that more flexible than the others and exhibit higher B factor values, all ten molecules are nearly identical, with root DksA and GreA share no sequence homology. GreA belongs to a family of transcript cleavage factors mean square deviations (RMSD) of ‫5.0ف‬ Å on average over C␣ atoms for residues 7-134. The C-terminal ␣ helix that "rescue" arrested transcription complexes in which RNAP has slid back along the DNA and RNA chains, was excluded from the superposition, as its orientation is allowed. In contrast, the ApUpC product is released from RNAP and thus accumulates with time. On this template, DksA Inhibits Transcriptional Arrest but Does Not Induce Transcript Cleavage ppGpp or DksA, when added separately, reduced formation of both ApUpC and G37 RNA products slightly (no The structural similarity of the CC domains of GreA and DksA suggests that their functional mechanisms could more than 2-fold relative to RNAP-alone reaction; Figure  3) . However, when combined, ppGpp and DksA led to be also related. GreA has several well-characterized ac- Figure 5A ). We also prepared and compared the effects of the E. coli GreA and DksA protested radiolabeled GreB protein, which has been shown teins on E. coli TECs (Figure 4 to the RNAP active site, coordinate one Mg 2ϩ ion. The sesses all six coordination bonds in the structure. It also seems hardly accessible from the secondary channel proximal Mg 2ϩ ion is additionally stabilized by direct interactions with the RNAP acidic residues and posand is therefore an unlikely candidate for interactions with DksA. In contrast, the distal phosphates of ppGpp ion, and this position was used as a hinge around which the DksA molecule was rotated to probe the best fit to face the outlet of the secondary channel and appear to be an attractive target for interactions. Moreover, the RNAP. We postulated that the G domain and CT helix of DksA are essential to achieve the specific binding to distal Mg 2ϩ ion lacks direct coordination by RNAP and is loosely bound only through the ppGpp phosphates.
RNAP, as was shown previously for the GreA globular domain, and searched for the orientation in which these We therefore presumed that this Mg 2ϩ ion is a likely DksA target.
domains would form the most extensive interface with RNAP while making the minimum of steric clashes. We The DksA CC tip was fixed in a position from which Asp residues could coordinate the ppGpp distal Mg 2ϩ found only one DksA orientation that satisfied both these RNAP. The presence of the specific substrates may shift Koulich et al. [1997] ). Purification of wild-type DksA will be described space group-the R free was not improved substantially from its initial value of 49% at 2.0 Å resolution, and the Ramachadran plot diverged in detail elsewhere (Vassylyeva et al., 2004 ). E. coli dksA gene was PCR amplified from the chromosomal DNA and cloned between the during the refinement. Therefore, the further calculations were done in the P2 1 space group including perfect (50%) twinning (twinning BsmI and PstI sites of pTYB12 (NEB), resulting in a fusion between DksA and the chitin binding protein/intein module (pVS11). Following operator h, Ϫk, Ϫl) and ten molecules in the asymmetric unit. For this, the data processed in the P2 1 2 1 2 1 space group were expanded the intein-induced cleavage, DksA protein carries an additional Ala residue at its N terminus. DksA NN (pVS18) was constructed in pVS11 to the P2 1 space group using the CAD program (Collaborative Computational Project, 1994). This approach resulted in a smooth and by site-directed mutagenesis. DksA HMK (pIA579) was made by adding a recognition site for the heart muscle kinase (RRASV) to the N easy refinement of the DksA structure at 2.0 Å resolution. The initial R free of 45% dropped dramatically, up to 37%, after the rigid body terminus of DksA during PCR amplification. Both DksA variants were purified using the protocol developed for the wild-type DksA. refinement in the P2 1 space group at 2.0 Å resolution. After several rounds of the positional, B factor, and slow annealing refinements Expression vector for GreB HMK (pIA576) was constructed by PCR amplification of the chromosomal E. coli greB gene followed by alternated by manual model building, the solvent molecules were added to the structure that resulted in a final R factor of 22.8% cloning between the NcoI and XhoI sites of pET28b (Novagen); the resulting protein carries an N-terminal RRASV tag and a C-terminal (R free ϭ 26.8%) at 2.0 Å resolution (Table 1) . His 6 tag. Sequences of all plasmid constructs were verified at Genewiz Inc. and will be made available upon request. Halted 32 P-CMP-labeled A29 elongation complexes were formed on zation, the large DksA crystals were transferred into the standard a pIA171-derived template at 37ЊC. GreA or DksA was added to crystallization protein drops, to which 2 mM ZnCl 2 solution was halted TEC after either 15 min incubation (before arrest) or 30 min added. Before data collection, crystals were transferred in the soluincubation (after arrest). At the 30 min time point, NTPs (500 M tion containing mother liquor and 25% butandiol as a cryoproteceach) and rifampicin (25 g/ml) were added, followed by incubation tant. The data were collected at 100 K at the NW12 beam line at for 5 min at 37ЊC to allow extension of all productive RNAs. the Photon Factory (Tsukuba, Japan) using ADSC Quantum-210 CCD detector. The complete MAD data sets at 2.0 Å resolution were collected at the three wavelengths near the absorption edge for the Single-Round Pause Assays Halted 32 P-GMP-labeled A26 elongation complexes were formed on zinc atom and processed using the HKL2000 program package (Otwinowski and Minor, 1997) (Table 1) Transcript Cleavage Assays space group for the DksA crystals should be P2 1 rather than P2 1 2 1 2 1 , A26 elongation complexes were prepared as above, purified by gel indicated by the data processing program. The distribution of the filtration through G50 spin columns (Amersham) equilibrated in TGA intensity statistics with resolution suggested, however, that, as in the buffer. Upon addition of GreA or DksA, complexes were incubated case of the T. thermophilus RNA polymerase holoenzyme crystals at 37ЊC. Samples were removed at indicated times and quenched (Vassylyev et al., 2002) , the perfect twinning is likely coupled with as above. the noncrystallographic symmetry (NCS) in the P2 1 space group closely resembling the crystallographic P2 1 2 1 2 1 symmetry up to 3.0 Å Sample Analysis resolution. The attempt was therefore made to phase and determine Samples were heated for 2 min at 90ЊC and separated by electrophothe DksA structure using MAD data in P2 1 2 1 2 1 space group. The resis in denaturing acrylamide (19:1) gels (7 M urea, 0.5 ϫ TBE) of calculation of Matthews constant (Matthews, 1968) suggested that various concentrations (8%-12%). RNA products were visualized the asymmetric unit of the crystal in the P2 1 2 1 2 1 space group may and quantified using a Molecular Dynamics Phosphorimaging Syscontain from three to six DksA molecules. Given that one Zn 2ϩ should tem, ImageQuant Software, and Microsoft Excel. be bound to the one DksA monomer, the SnB (Weeks and Miller, 1999) calculations were performed probing different amounts (3-6) of Zn 2ϩ in the search trials. Apparently, the best result was obtained Protein Cleavage Assays DksA HMK and GreB HMK were 32 P labeled with heart muscle kinase using five Zn 2ϩ ions as a search model indicating five DksA molecules in the asymmetric unit of the crystal. The initial phasing was (Sigma) as described previously (Artsimovitch and Landick, 2002) . Labeled proteins were purified using G50 spin columns (Amersham). carried out at 3.0 Å resolution using the MLPHARE program (Collaborative Computational Project, 1994) ( Table 1) at 90ЊC, mixed with 8 ng of endoproteinase Asp-N (Roche), and incubated at 37ЊC. Aliquots (10 l) were taken at indicated times. The structure was refined using the CNS program (Brunger et al., 1998). As we expected, the refinement did not go well in the P2 1 2 1 2 1
Halted Complex Formation
Reactions were stopped by addition of 1/3 volume of 4 ϫ NuPAGE loading dye, heated for 1 min at 85ЊC, and loaded onto a Bis-Tris
